Abstract: In order to determine an unknown fish population from the Vrana Lake, mitochondrial cytochrome b gene and non-coding nuclear region Cyfun P were investigated. Stabile population of Bulldog rudd, Scardinius dergle Heckel & Kner, the endemic Croatian freshwater fish in the Krka River, was genetically characterized with the same markers in order to compare it with the material from the Vrana Lake. Genetic markers were sequenced and aligned with the similar ones obtained from the GenBank in order to determine taxonomic and phylogenetic position of these two species. A significant discrepancy between nuclear genetic markers of our specimens and the sequence from the GenBank was found. Phylogenetic analysis suggested that the specimens from the Vrana Lake belong to the species S. hesperidicus. Morphometric characteristics, the maximum length and body mass showed new maximum values for both S. dergle and S. hesperidicus.
Introduction
Genus Scardinius includes nine allopatric species in Europe. They are characterized as small to medium sized fishes adapted to temperate waters with submerged vegetations, like lowland lakes or lentic parts of rivers and streams. According to Kottelat & Freyhof (2007) , several species have dark grey fins and diagnostic head shapes, but only when they reach adulthood. Three species can be found in Croatia: (1) Bulldog rudd S. dergle Heckel & Kner, 1858 in Krka and Cetina basins, (2) Rudd S. erythrophthalmus (L., 1758) in most European rivers north of Pyrenees and Alps, and naturally absent from Iberian Peninsula, Adriatic basin, Italy and Greece and (3) Neretva rudd S. plotizza Heckel & Kner, 1858 in middle and lower Neretva drainage (Bosnia and Herzegovina and Croatia). In geographically close areas, there are three more species from the same genus: S. hesperidicus (Bonaparte, 1845) from Adriatic and Tyrrhenian basins in Slovenia, Italy and Switzerland; S. scardafa (Bonaparte, 1837) from Tyrrhenian basin from Magra to Garigliano drainages (Italy) and S. knezevici (Bianco & Kottellat, 2005 ) that can be found in lakes Ohrid and Skadar (Albania, Macedonia and Montenegro) .
Scardinius dergle has a high body profile, laterally flattened. The adults have dark grey fins with a white base, which are together with the larger snout the main diagnostic characters used to distinguish it from similar species -S. erythrophthalmus. The maximal reported length is 150 mm. There are no data about biology of this species. It is listed as nearly threatened on the IUCN Red List (IUCN 2012) . S. dergle is endemic in Croatia and Bosnia and Herzegovina, with a relatively small distribution area and scarce molecular data (there are data for hybrid S. dergle in the GenBank, Freyhof et al. 2005 ). However, it was reported from the Vrana Lake (Teskeredžić et al. 2009 ) on the Island of Cres, located in the Adriatic Sea. In the same lake, there were also found unusually large specimens with morphological characteristics between S. dergle and S. erythrophthalmus. Thus, molecular markers were used since specimens could not be morphologically determined.
Cytochrome b (cyt b) is a relatively fast evolving gene and is suitable for monitoring of evolutionary processes. It is convenient for detecting differences between closely related species (Zardoya & Meyer 1996; Briolay et al. 1998 ). Nuclear DNA is adequate for resolving relationships between higher taxonomical levels and detecting hybridization due to recombination of alleles (Scribner et al. 2001; Freyhof et al. 2005 Freyhof et al. , 2006 Lieckfeldt et al. 2006 ). The nuclear region Cyfun P (Cyprinid formerly unknown nuclear Polymorphism) displays a large intergeneric length variation caused by various deletions or insertions events. The Krka River is a part of the Adriatic Sea basin and is 72.5 km long with the total slope of 224 m. The hydrological basin of the Krka River covers an area of approximately 2,500 km 2 . It is considered to be unpolluted (Kapetanović et al. 2008) , and represents a base of the Krka National Park (NP). About 20 fish species inhabit the Krka River and 10 of them are endemic in Croatian ichthyofauna (Kerovec et al. 2007) .
The Vrana Lake is a kryptodepresion with approximately 220 million m 3 of freshwater. Situated in the middle of the Island of Cres, it is 5.5 km long, 1.5 km wide and 5.5 km 2 in size, with north-south orientation. Petrik (1957) postulated a unilateral connection between the lake and the surrounding sea. Due to the difference in altitude (the surface is 13 m above the sea level) the sea water can not penetrate into the lake, regardless of the depth of the lake (73 m). The fish species that inhabit the lake are not indigenous. European eel Anguilla anguilla (L., 1758), pike Esox lucius (L., 1758), tench Tinca tinca (L., 1758), rudd S. erythrophthalmus and Atlantic trout Salmo trutta (L., 1758) have been introduced by the Italian ichthyologists before the First World War. Nowadays, S. trutta and A. anguilla are no longer present, but E. lucius, T. tinca, S. erythrophthalmus and chub Squalius cephalus (L., 1758) inhabit the Vrana Lake (Teskeredžić et al. 2009 ). The Vrana Lake is protected as a reservoir of drinking water for the surrounding islands.
During our research in the Krka River and the Vrana Lake, Scardinius with unusual morphometric characteristics were found. Along with morphological determination two molecular markers were analysed, the mitochondrial cyt b gene and the non-coding nuclear region Cyfun P. S. erythrophthalmus, with morphological characteristics similar to S. dergle, was suggested to inhabit the Vrana Lake (Topić-Popović et al. 2001; Šprem et al. 2010 ) and the aim of this research was to reliably define the investigated specimens to one of these two species. • 23.903 E). Fish were sampled with an electrofishing device (Hans Grassl, EL63 II GI, 5.0 KW, Honda GX270, 300/600V max., 27/15A max.) according to Croatian standard: HRN EN 14011:2005 Water quality -Sampling of fish with electricity. In some cases fishing nets were used (the Vrana Lake). The captured fish were kept alive in an aerated water tank and released upon sampling. Vouchers were deposited at the Faculty of Science, University of Zagreb, Croatia. Identification was made according to Kottelat & Freyhof (2007) . First, the biometric data were recorded, including the total length, the standard length and the total mass, while Fulton condition index was calculated later, according to Rätz & Lloret (2003) . Tip of the anal fin was cut off and preserved in ethanol or stored at -80
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• C, until further DNA analyses in the laboratory.
Total genomic DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen), following the Spin-Column protocol. The entire cyt b gene (1140 bp) was amplified using following primers: L15267 (5'-AATGACTTGAAGAACCACCGT-3') and H16526 (5'-CTTTGGGAGYYRRGGGTGRGA-3') (Brito et al. 1997) . PCR reaction mixtures contained 4U AmpliTaq DNA Polymerase (Applied Biosystems), 1x PCR buffer (without MgCl2, Applied Biosystems), 2.5 mM MgCl2, 200 µM dNTPs (Sigma), 400 nM of each primer and approximately 5 µg/µL of DNA in a final volume of 100 µL. Reactions were subjected to the following cycling protocol: initial denaturation (94 . All PCR products were examined on 1.7% agaroze gel with electrophoresis and purified afterwards (QIAquick Gel Extraction Kit, Qiagen). Sequencing was made on ABI PRISM 3100 Avant Genetic Analyzer (Ruđer Bošković Institute DNA service) or the samples were sent in Macrogen Inc. Korea. Newly obtained cyt b sequences were stored in the GenBank database (JF727575 and JF727576).
Primers for nuclear region were already used for several fish species ): Cyp unFLP1F (5'-AAGTGGTGCATCGTGTTGTG-3') and Cyp unFLP1R (5'-CAGCCTGAACAATCAAAACAG-3'). PCR reaction mixtures were the same as for cyt b, with cycling protocol as follows: initial denaturation (94 . Purification and sequencing were as described for cyt b. Obtained Cyfun P sequences were stored in the GenBank database (JF727577 and JF727578). For nuclear marker, heterozygous positions were identified by a secondary peak in the chromatograms reaching at least 25% of the intensity of the primary peak.
Additional to sequences analyzed in this study, NCBI BLAST2 -Nucleotide Database Query (Altschul et al. 1997 ) was used to obtain cyt b and Cyfun P sequences from related fish species. Multiple alignments were performed with CLUSTALW Ver. 1.6 (Thompson et al. 1994 ) under the default parameters. Ambiguously aligned regions were determined and excluded from further analyses using the program Gblocks 0.91b under less stringent parameters (Castresana 2000) . Aligned sequences were imported into MEGA version 5 (Tamura et al. 2011) , where datasets were analyzed by maximum parsimony (MP) (Nei & Kumar 2000) and maximum likelihood (ML) (Guindon & Gascuel 2003) . Relative robustness of individual branches was estimated by bootstrapping (BS), using 1000 replicates and by posterior probabilities in MrBayes. Modeltest 3.7 was used to select the best-fit model for ML and MrB analysis. Akaike Information Criterion (AIC) (Posada & Crandall 1998) under ML optimized likelihood calculations indicated GTR+G model (General Time reversible with gamma distributed sites). Metropolis coupled Markov chain Monte Carlo analyses (MCMC) analysis was performed using MRBAYES, version v. 3.1.2. Huelsenbeck & Ronquist (2001) , which generated a Bayesian inference of the phylogeny. For a given data set, the HKY+G (Hasegawa-Kishino-Yano + gamma) Explanations: * Fulton's condition factor; M T -total mass in g; L T -total length in cm; L S -standard length in cm; Av. -average; SD -standard deviation. model, which incorporates different rates for transitions and transversions and rate variation across sites, was used to generate Bayesian posterior probabilities. MCMC sampling was performed as implemented in MrBayes with the default settings (two runs of four chains each) for 10,000,000 iterations, with the first 10% discarded as burn in. MRBAYES was used to compute a 50% majority rule consensus of the remaining trees to obtain estimates for the posterior probabilities (PPs) of the groups. Branch lengths were computed as the mean values over the trees sampled.
Results
A total of 30 individuals of S. dergle from the Krka River, and 82 from the Vrana Lake (Tables 1 and 2) were morphologically analyzed. S. dergle from the Krka River had a mean body mass of 28.2 ± 26.1 g, a total length of 12.8 ± 3.2 cm and a standard length of 10.3 ± 2.7 cm. The largest specimen weighted 123.7 g with a total length of 21.0 cm and a standard length of 17.5 cm. Body measurements and the clearly visible morphological characteristics made determination of this species distinct. S. dergle from the Krka River presented only a small part in the total fish catch. The specimens from the Vrana Lake had a mean body mass of 610.2 ± 488.8 g, a total length of 32.5 ± 7.1 cm and a standard length of 26.6 ± 5.8 cm.
These unusual values, along with the fact that some larger specimens showed unusual morphological characteristics, made the determination difficult. The most puzzling feature was the red coloration of all fins, which is the discrimination mark of S. erythrophthalmus. The largest specimen weighted 2673.0 g with a total length of 57.0 cm and a standard length of 48.0 cm. The specimens from the Vrana Lake, in comparison to S. dergle from the Krka River, constituted the majority of the fish catch (40.74-67.65%).
A total of 20 specimens from the Krka River, and 12 specimens from the Vrana Lake were subjected to the DNA analyses. Partial cyt b sequence (1140 bp) was used for phylogenetic reconstruction.
Only one haplotype in each population was found. Between our two haplotypes (S. dergle Krka JF727575 and S. dergle Vrana JF727576) p-distance was 0.005. The nucleotide composition of cyt b was in accordance with the previous findings on closely related genera (Cantatore et al. 1994; Brito et al. 1997; Durand et al. 1999) . The specimens from the Krka River and the Vrana Lake showed small differences in nucleotide composition (A:T:G:C, %):25.9:28.9:17.3:28.0 and 26.2:28.7:17.0:28.1, respectively. The relation between the specimens of stabile populations of S. dergle from the Krka River, and the specimens from the Vrana Lake, was established in phylogenetic analysis that included 27 sequences from seven closely related species obtained from the Gen-Bank (Fig. 1) . The investigated specimens from the Vrana Lake and the Krka River formed a separate cluster with S. hesperidicus. The former grouped with Italian rudd S. hesperidicus from the Adige River (Po River basin, HM560173), and the latter with Italian rudd S. hesperidicus from the Krka River (Croatia, HM560172), with high bootstrap values in the internal nodes. Lower bootstrap values (<70) that separated this cluster indicate the possibility of different grouping if more sequences were available. On the other hand, S. dergle (AY549458) from the Buško Lake was completely separated from other species of genus Scardinius (Fig.1) .
The same specimens subjected to cyt b analysis were used for the characterization of highly variable noncoding nuclear region Cyfun P. The specimens from the Krka River and the Vrana Lake had identical sequences (sequence identity matrix, 1.000) with base composition (A:T:G:C, %):35.0:31.2:16.9:16.9%. The DNA sequencing revealed two heterozygous positions (a G/T polymorphism) at the 255 th and 262 nd base of Cyfun P non-coding region.
MP, ML and MrB analysis (data not shown) of Cyfun P generated almost identical topologies in phylogenetic trees and grouped S. dergle from the Krka River and the specimen from the Vrana Lake in the same cluster with S. dergle (AY831428) from the Buško Lake. Together with S. erythrophthalmus (AY831422) and Yliki rudd S. graecus (Stephanidis, 1937) (AY831423), these species generated one lineage in phylogenetic tree. Phylogenetic analysis of Cyfun P included 17 sequences from different species obtained from the GenBank.
Discussion
The specimens from the Vrana Lake belong to species S. hesperidicus, as established in our phylogenetic analysis. A new maximum length and mass values of specimens from the Vrana Lake can be correlated with finding of Šprem et al. (2010) for S. erythrophthalmus. Obviously, this lake presents an ideal habitat for fishes as they easily reach maximal values of their body proportions regardless to the coexistence of their natural predator, E. lucius. The maximal reported standard length for S. hesperidicus in the literature (Kottelat & Freyhof 2007; Froese & Pauly 2012 ) is 400 mm.
The largest specimen of S. dergle from the Krka River weighted 123.7 g with a total length of 210 mm and a standard length of 175 mm. The maximal reported standard length of this species in the literature (Kottelat & Freyhof 2007; Froese & Pauly 2012) is 150 mm, so this finding also presents a new maximal standard length.
The haplotype from the Vrana Lake grouped together in phylogenetic tree, based on the cyt b comparison, with Italian rudd S. hesperidicus (HM560173) from the Adige River. According to these results, we suggest that the population from the Vrana Lake originates from the Po River basin and that it should be assigned to S. hesperidicus. The presence of this species can also be explained with introduction of various fish species into the Vrana Lake before the First World War, as mentioned previously. The haplotype of S. dergle from the Krka River (JF727575) grouped together with Italian rudd S. hesperidicus (HM560172) from the Krka River (Croatia). Based on the morphological data, as well as from the distances in phylogenetic tree from other S. hesperidicus species (HM560173, HM560174 and our JF727576), we tend to determine these two species as S dergle, not S. hesperidicus. Moreover, it is most likely that S. hesperidicus (HM560172) from the Krka River is actually S. dergle. This could be established further from morphological data of species HM560172. It is unexpected that two haplotypes from the same river (HM560173 and HM560174 from the Adige River) do not group together. Our finding has little discrepancy with the work of Perea et al. (2010) . Three haplotypes of S. hesperidicus grouped nicely together, but with introduction of two haplotypes obtained in this study from the Krka River and the Vrana Lake (JF727575 and JF727576), topology of this lineage is somewhat changed. Nevertheless, all mentioned species form one lineage (Lineage IV) in our phylogenetic tree.
In the lineage III, all haplotypes of S. erythrophthalmus from Italy are nicely grouped together (AY509841-AY509847). Interestingly, species from Italy, S. scardafa (AY509833, from the Scanno Lake), is also grouped within this lineage. This species deserves special attention and a detailed phylogenetic analysis, including nuclear markers. In the work of Perea et al. (2010) , where haplotypes AY509846 and AY509847 are described as S. hesperidicus, the same grouping occurs. Furthermore, it is difficult to clarify why S. erythrophthalmus haplotypes from Italy do not group with the same species from different locations in Europe (Lineage V, six different European countries) but rather with S. scardafa. This could be explained with the following approach -that all of these S. erythrophthalmus haplotypes (AY509841-AY509847) present one species -S. hesperidicus, closely related to S. scardafa. The haplotype of S. dergle from the Buško Lake, Bosnia and Herzegovina (AY549458), didn't group within any of the mentioned lineages. This could be a hybrid specimen, described by Freyhof et al. (2005) , that has cyt b sequence from sympatric species Livno masnica Squalius tenellus Heckel, 1843 although specimens didn't show any morphological characteristics of the genus Squalius. They demonstrate a transfer of genetic information between the two related but distant cyprinid genera that have phylogenetically separated in the mid Miocene, approximately 10 Ma (Zardoya & Doadrio 1999) . The authors have also found hybrid species between S. dergle and one Squalius species, but with no morphological characteristics of genus Scardinius (Valić et al. data not published). These findings indicate that hybridization between Scardinius and Squalius is probably quite common in the Dalmatia.
The species from Greece in phylogenetic tree grouped together in two different lineages (Lineages I and VI) and were distant to other groups. This finding is in accordance with Ketmaier et al. (2004) and Perea et al. (2010) , as they placed Greek species as basal to other congeneric species in the Scardinius phylogeny.
It is reasonable to conclude that the central and north Adriatic populations evolved quite recently. Using only cyt b it is difficult to identify the relationships between them, because they probably do not reach monophyly yet due to too short time.
Phylogenetic analysis based on the nuclear region Cyfun P generated different results due to the absence of available sequences of Scardinius species. S. dergle from the Krka River and specimens from the Vrana Lake grouped together with S. dergle (AY831428) from the Buško Lake. Together with other species from genus Scardinius: S. erythrophthalmus (AY831422) from Germany and S. graecus (AY831423) from Greece, they present one lineage in phylogenetic tree distant from other cyprinid species. It is obvious that the hybrid specimen from the Buško Lake (AY831428) had mitochondrial DNA from sympatric species S. tenellus and nuclear region from S. dergle. The nuclear marker is not adequate for resolving relationships between closely related species and differentiation between the investigated specimens could not be established. Introduction of this marker was mainly to detect hybridisation, if present.
Based on the molecular markers, specimens from the Vrana Lake were determined as S. hesperidicus, not as S. dergle or S. erythrophthalmus, as was hypothesized. The largest specimen from the Vrana Lake displays a new maximum length (a total length of 57.0 cm and a standard length of 48.0 cm) and body mass value (2673.0 g) for this species. It can be concluded that S. dergle is closely related (haplotypes form one lineage in phylogenetic tree), but different from S. hesperidicus. The largest specimen from the Krka River also displays new maximum length and body mass value.
